Lung cancer development is associated with extensive pulmonary inflammation. In addition, the linkage between chronic obstructive pulmonary disease (COPD) and lung cancer has been demonstrated in population-based studies. IL-17-producing CD4 helper T cells (Th17 cells) play a critical role in promoting chronic tissue inflammation. Although Th17 cells are found in human COPD and lung cancer, their role is not understood. We have thus used a mouse model of lung cancer, in which an oncogenic form of K-ras (K-ras 
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CD11b
+ myeloid cells recruited by IL-17 play a protumor role. Taken together, our data demonstrate a critical role for Th17 cell-mediated inflammation in lung tumorigenesis and suggest a novel way for prevention and treatment of this disease.
interleukin 17 | lung adenocarcinoma I nflammation plays an important role in tumor development (1, 2) . Although targeting inflammation and tumor microenvironment has been considered as a new direction of cancer therapy, the mechanisms underlying cancer-associated inflammation have not been well understood. Lung cancer is a leading cause of death in the world. Accumulating evidence has shown that inflammation is associated with pathogenesis of lung cancer, especially those induced by cigarette smoke (3). The primary risk factor among smokers to develop lung cancer is the presence of chronic obstructive pulmonary disease (COPD) (4), which is characterized by chronic pulmonary inflammation, airway remodeling and destruction of lung parenchyma. Human lung cancers are inflicted with alterations in various subsets of lymphocytes and myeloid cells (5, 6) , reminiscent of immune activation during chronic inflammation. Several studies have shown NFκB signaling as a mechanistic link between inflammation and lung cancer using a mouse model of lung adenocarcinoma (7, 8) . However, the specific inflammatory cell types or molecules potentiating lung cancer are not understood clearly.
We and others have identified a novel subset of CD4 helper T cells that produce IL-17 and are referred as Th17 cells (9, 10) . Th17 cells have been associated with inflammatory diseases such as rheumatoid arthritis, asthma, lupus, and allograft rejection. An important function of IL-17 is to promote tissue inflammation through the up-regulation of proinflammatory cytokines and chemokines (11) . Consistently, we have shown that transgenic overexpression of IL-17 in the lungs resulted in chemokine upregulation and tissue infiltration by leukocytes, although mice treated with neutralizing IL-17-specific antibody were also found to be resistant to the induction of experimental autoimmune encephalomyelitis (9) . These and other studies collectively demonstrated that IL-17 and Th17 cells play nonredundant function in promoting inflammation.
Increased frequencies of IL-17 and Th17 cells have been reported in patients with different types of tumors (12) , including lung adenocarcinoma (13) . The density of intratumoral IL-17-positive cells in primary human nonsmall cell lung cancer was inversely correlated with patient outcome and correlated with smoking status of the patients (14) . Th17 cells specific for a common tumor antigen were found in lung cancer patients as part of their spontaneous immune response to the autologous tumor (15) . However, the function of Th17 cells and IL-17 in the development of lung cancer remains to be shown. Animal model studies have revealed contrasting roles of IL-17 in various tumors (16) . Tumor-promoting effect of IL-17 was shown in some models such as colon cancer (17) (18) (19) (20) , whereas in others, IL-17 supported anti-tumor immunity, including in B16 melanoma model (21) (22) (23) (24) . Thus, the role of IL-17 could be complex and tumor-specific.
To properly evaluate the role of IL-17 in inflammationassociated lung cancer, we used a model of oncogenic K-ras mutation expressed only in the lung. Mice expressing K-ras mutation in Clara cells (CCSP cre /K-ras G12D mice) spontaneously develop lung adenocarcinoma (25) . In addition, we induced COPD-type lung inflammation by challenging mice with lysates of nontypeable Haemophilus influenza (NTHi). Inflammation driven by NTHi can promote tumor growth in CCSP cre /K-ras G12D mice (25) . These experiments collectively indicate a tumorigenic role of IL-17-mediated inflammation in the development of lung cancer.
Significance
One of the challenging problems in lung cancer is to understand how inflammation pathways influence on the development of lung cancer and to identify early immune mediators. In this study, we functionally dissect the critical events occurring at the interface between endogenously arising lung tumors and the host immune system that determine tumor progression. Our findings greatly advance our knowledge on the function of T helper 17 cells in lung cancer and help understand the mechanisms of inflammatory mediators that promote lung cancer. (27) , hereinafter referred to as CC-LR. CC-LR mice develop lung adenocarcinoma without any potential of metastasis (25) . K-ras activation in the bronchiolar epithelium has been associated with a robust inflammatory response (28), therefore providing an ideal spontaneous tumor model to study cancer-associated inflammation regulation. Analysis of bronchoalveolar lavage fluid (BALF) in 14-wk-old CC-LR mice, with visible tumors on lung surface and lung tissue with pulmonary hyperplasia and adenomas, revealed that there is an increased expression of Th17 signature cytokines IL-17, IL-17F, and IL-22 (Fig. 1A) . In contrast, IFNγ were not increased in this model. To understand the source of these cytokines in CC-LR mice, we took either BALF cells or mononuclear fraction from tumor-bearing lung and restimulated with phorbol myristate acetate (PMA) and ionomycin for intracellular staining of IL-17 and IFNγ (Fig. 1B) . Although + cells in CD4 T cells were increased about 10-fold (WT 1.03 ± 0.91%, CC-LR 10.24 ± 6.69%, P = 0.013), IFNγ + CD4 T cells remained similar between WT and CC-LR mice (WT 6.76 ± 3.89%, CC-LR 6.54 ± 3.58%) (Fig. 1C) . Moreover, the level of IFNγ + CD8 T cells did not change in tumor-bearing mice. One of the major producers of IL-17 in lung is γδ T cell; however, the percentages of γδ T cells producing IL-17 remained similar between WT and CC-LR mice ( + regulatory T cells in tumor tissues were also threefold higher than that in normal lungs (WT 8.23 ± 0.40%, CC-LR 27.2 ± 4.5%, P < 0.001). IL-17
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+ cells were also increased in tumor tissues (Fig. S1A ). An increase in mRNA expression of Il17 and Foxp3 was also detected by RT-PCR (Fig. S1B) . Rorc expression was similar between WT and CC-LR mice, whereas Tbx21 expression was reduced in CC-LR mice. Therefore, development of lung cancer is associated with an expansion of Th17 cells and regulatory T cells.
Increased Th17 Cells Associate with Inflammation-Promoted Lung
Cancer. NTHi, found in lower airways of patients with COPD, is associated with exacerbation of COPD (29) . Interestingly, chronic exposure to NTHi led to COPD-type lung inflammation characterized with an expanded Th17 cell population in the lung tissues of normal mice ( Fig. 2A) . NTHi challenge in CC-LR mice further accelerated the production of Th17 related cytokines in comparison with NTHi in WT mice ( Fig. 2A) . Intracellular cytokine staining of lung mononuclear cells indicated that over 25% of CD4 T cells in lung were stained with anti-IL-17, whereas IFNγ + Th1 cells among CD4 T cells were decreased upon NTHi challenge (Fig. 2B) . Notably, IL-17-deficient mice exhibited not only reduced inflammatory cell infiltration but also a decrease in airway wall thickness after 25 wk of NTHi challenge (Fig. S2) .
It has been also shown that NTHi challenge in CC-LR mice resulted in lung cancer promotion (25) . We found that in NTHiexposed CC-LR mice in comparison with untreated CC-LR or NTHi-treated WT mice, percentages of Th17 cells among CD4 population were increased (NTHi WT 31.67 ± 1.45%, NTHi CC-LR 45.25 ± 4.42%, P < 0.05). In NTHi-exposed CC-LR mice, percentage of IFNγ + CD4 cells was increased in comparison with NTHi-exposed WT mice (NTHi WT 6.40 ± 0.53%, NTHi CC-LR 16.48 ± 2.71, P = 0.01) but similar to untreated CC-LR mice. Percentages of IL-17 + γδ T cells or Foxp3 + regulatory CD4 T cells, however, remained constant between NTHi-exposed WT and NTHi-exposed CC-LR mice (Fig. 2 B and C) . These results indicate that NTHi challenge in mice preferentially promotes Th17 cell response and an expansion of Th17 cells is associated with increased tumor growth in the presence of NTHi-induced type of inflammation.
IL-17 Deficiency Inhibited Lung Cancer Development. The above results suggest a potential role for Th17 cells in lung cancer. To examine this possibility directly, CC-LR mice were crossed with Il17 −/− mice. Tumor numbers on the surface of mouse lung were counted at the age of 14 wk. Lack of IL-17 resulted in a ∼75% (52.7 ± 7.1 in CC-LR Il17 +/+ vs. 13.2 ± 2.5 in CC-LR Il17 −/− , P = 0.003) reduction in lung surface tumor numbers compared with age-and sex-matched CC-LR Il17 +/+ mice (Fig. 3A) . The mean size of adenomas in CC-LR Il17 −/− mice were smaller than that in CC-LR Il17 +/+ mice ( Fig. 3C and Fig. S3 ). In contrast, tumor numbers in CC-LR Il17f −/− mice were similar to those in CC-LR Il17f +/+ mice ( Fig. 3 A and C) . Together, these results indicate that IL-17, but not IL-17F, is required for lung tumor development.
The majority of recovered cells in BALFs of 14-wk-old tumorbearing CC-LR mice were macrophages. CC-LR Il17 −/− mice showed reduced total white blood cell (WBC) and macrophage numbers in comparison with CC-LR Il17 +/+ mice (Fig. 3B ). The number of infiltrated lymphocytes and neutrophils were also reduced in CC-LR Il17 −/− mice in comparison with CC-LR Il17 +/+ mice ( Fig. 3B and Table S1 ). In contrast, we did not observe any difference in the number of infiltrated cells in lung between CC-LR Il17f +/+ and CC-LR Il17f −/− mice (Fig. 3B ). To determine whether IL-17 is involved in tumor promotion by NTHi-induced inflammation, CC-LR Il17 −/− mice were challenged with NTHi. In comparison with CC-LR Il17 +/+ mice, the numbers of visible tumors on the lung surface of CC-LR Il17 −/− mice were reduced by ∼54% (CC-LR Il17 +/+ ; 112 ± 7, CC-LR Il17 −/− ; 52 ± 5, P < 0.001) after weekly NTHi exposure for 4 wk from the age of 10 wk (Fig. 3D) . CC-LR Il17 −/− mice had more hyperplastic early-stage lesions and smaller tumors in comparison with CC-LR Il17 +/+ mice. We found the number of neutrophils, macrophages, and lymphocytes in BALF were also reduced in CC-LR Il17 −/− mice ( Fig. 3E and Table S2 ). Therefore, our results indicate that IL-17 is critical in inflammationassociated lung adenocarcinoma. quantified by immunohistochemical staining of Ki67 (Fig. 4A) . The percentages of Ki67-positive cells among tumor cells were significantly lower in CC-LR Il17 −/− mice in comparision to CC-LR Il17 +/+ mice (CC-LR Il17 +/+ 8.9 ±1.1%, CC-LR Il17 −/− 4.8 ± 1.2%, P = 0.011), indicating IL-17 promotes tumor cell proliferation directly or indirectly (Fig. 4B) .
To examine whether IL-17 increases the in vivo growth of tumors by promoting angiogenesis, we evaluated the vascular density by immunohistochemical examination with CD31 antibody (Fig. 4A) . The percentage of CD31-positive cells within the tumors were significantly lower in CC-LR Il17 −/− mice in comparision to CC-LR mice (CC-LR Il17 +/+ 6.4 ± 1.0%, CC-LR Il17 −/− 3.0 ± 1.2%, P = 0.036), indicating that IL-17 promotes angiogenesis in lung adenocarcinoma model (Fig. 4B) .
IL-17 is known to stimulate the expression of chemokines and proinflammatory molecules in epithelial cell during inflammation. Therefore, we examined the molecules that are directly regulated by IL-17. Although the expression of Cxcl1 or Csf2 remained similar between CC-LR Il17 +/+ and CC-LR Il17 −/− mice, Il6, Cxcl2, Ccl2, Il6, Arg1, Csf3, Mmp7, Mmp12, and Mmp13 (Table S3) (Fig. 4D) . The gated Gr-1
+

CD11b
+ cells in BALF are mostly Ly6G-positive cells (Fig. S4A) . Lung parenchyma of normal mice, however, is comprised of mature and terminally differentiated Gr-1 +
+ neutrophils. Cellular analysis of lung parenchyma and tumor showed an accumulation of Gr-1 + CD11b + myeloid cells in CC-LR, in comparison with normal lung. During tumorigenesis, a heterogeneous population of myeloid cells, known as myeloid-derived suppressive cells, is generated (5). Myeloidderived suppressive cells express the cell-surface markers Gr-1 and CD11b and function to suppress T-cell activity. We found ∼77% reduction in total number of Gr-1
+
CD11b
+ cells among CD45 
+ cells were isolated from tumors of CC-LR mice and from lung parenchyma of WT mice. When Gr-1 + CD11b + cells were cultured with total splenocytes in the presence of αCD3 and αCD28, Gr-1 + CD11b + cells isolated from tumors exhibited suppressive activity to T-cell proliferation and cytokine production (Fig.  S4B ). This finding is in agreement with a previous study using CC10 promoter-driven SV40 TAg transgene model of lung adenocarcinoma (30) . This result suggests that CC-LR Il17 −/− may have increased cytotoxic CD8 T activity due to reduced Gr-1 were depleted using anti-CD8 antibody for 2 wk, we did not observe altered tumor development in CC-LR Il17 −/− mice (Fig.  5 ). In addition, we observed that CC-LR mice that were depleted of CD8 T cells exhibited similar tumor burden as isotype control antibody-treated mice (Fig. 5) . Therefore, the cytotoxic activity of CD8 T cells is not attributable to reduced tumor growth in CC-LR mice lacking IL-17, at least in a period of 14 wk we observed.
To investigate the role of tumor-associated Gr-1 (Fig. 6A) . Depletion of Gr-1
+
CD11b
+ cells in CC-LR mice resulted in suppression of lung tumor growth (isotype control group, 51.1 ± 1.90, RB6.8C5 treated group, 27.33 ± 6.76, P = 0.042) (Fig. 6B) . Tumor cell proliferation (isotype control group, 16.96 ± 2.63%; RB6.8C5-treated group, 8.49 ± 1.92%, P = 0.013) and tumor microvessel density (isotype control group, 10.5 ± 1.5%; RB6.8C5-treated group, 2.24 ± 1.23%, P = 0.003) were also significantly reduced in Gr-1 antibody-treated group (Fig. 6C) . In addition, inflammatory molecules induced upon tumor growth were significantly suppressed upon Gr-1 antibody injection (Fig. 6D) . Based on the above data, Gr-1 + cells depletion in CC-LR mice considerably recapitulates the phenotype of CC-LR Il17 −/− mice. The expression level of IL-17 upon Gr-1 + cell depletion was reduced but the expression level of Foxp3 or IFNγ remained similar (Fig. 6D) . We also found that administration of a neutralizing antibody to IL-17A in vivo significantly reduced tumor count as well as Gr-1
+
CD11b
+ cell recruitment (Fig. S5) . This result not only highlights the potential use of IL-17 blockade in lung cancer patients, but also rules out possible microbiota difference in WT and CC-LR Il17 −/− mice accounting for the tumor growth differences. Collectively, our data demonstrated that Gr-1 + CD11b + myeloid cells recruited during primary lung tumor development promote tumor growth and IL-17 orchestrates their recruitment.
Discussion
Understanding the developmental process and function of immune response during tumorigenesis is a challenging problem. One of important factors to consider is to use a disease model that resembles the development of tumors in human. The most common molecular changes identified in human lung cancer are K-ras mutations (31) . K-ras mutation restrictively expressed in mouse lung epithelial cells led to cellular hyperplasia, adenoma, and eventually adenocarcinoma, resembling human lung cancer development (25, 28) . Therefore, this system allows immune response to be shaped against endogenous arising lung tumor and reflects tumor microenvironment during the initiation and early stages of pulmonary adenocarcinoma.
Th17 cells and its signature cytokine, IL-17, have been detected in different types of human cancers (12) . Despite relatively well defined role of Th17 cells in promoting inflammation in autoimmune disease, their function in tumor development has been obscure. In this study, we made an intriguing observation that activating K-ras mutation in lung epithelial cells promotes the recruitment of Th17 cells in tumor tissue. More importantly, our study revealed an indispensable role of IL-17 in tumorigenesis during the early stages of pulmonary adenocarcinoma. Our conclusion is in agreement with the recent studies using spontaneous or chemically induced colorectal cancer models (17, 19, 20) and prostate cancer model with Pten deficiency (32) .
The mechanisms underlying protumorigenic role of IL-17, however, were not completely understood. In our study, IL-17 accelerated cancer development at least in part by recruiting myeloid cells and promoting inflammation. A recent study demonstrated that IL-17 promotes tumor resistance to VEGF inhibition due to its ability of Gr-1 + CD11b + cell mobilization and recruitment (33) . Il17rc −/− (deficiency in IL-17 and IL-17F) mice crossed with deletion of PTEN in prostate cells showed reduced prostate adenocarcinoma due to reduction in MMP7. MMP7 was induced directly by IL-17 in prostate cells in this study (32) . Because IL-17 can induce IL-6 from tumor and stromal cells, STAT3 activation by IL-6 was proposed as one of mechanisms for protumorigenic role of IL-17 (22) . In our study, we also observed reduced pSTAT3 in tumors of CC-LR Il17 −/− and anti-IL-17 antibody treated CC-LR mice in comparison with CC-LR WT (Fig. S6) .
In contrast, antitumorigenic role of IL-17 has been reported in several cancer models. In a colon cancer model adopting truncated form of adenomatous polyposis coli (APC), Il17 −/− × APC Δ468 mice developed more invasive cancer (34) , even though fewer polyps and reduced Gr-1
+
CD11b
+ myeloid cells were found in Il17 −/− × APC Δ468 mice. In other metastasis accompanying models, IL-17 has shown to promote the activation of tumor-specific CD8 + T cells that help to eradicate tumor (21, 23, 35) . Despite the increased tumor burden in Il17 −/− mice, tumor lung of Il17 −/− mice expressed reduced Gr-1 + CD11b + myeloid cells in comparison with WT (23) . In transplantation models, CD8
+ T cell response initiated upon tumor injection is a critical determinant of tumor elimination, which may outweigh other cellular effects mediated by IL-17. Therefore, the role of IL-17 in tumor development is likely to be dependent on the local tumor microenvironments and the stage of tumor development.
At present, it is unclear which pathways or molecules are responsible downstream of IL-17 that promote the recruitment of myeloid cells. A recent report indicates CXCL1/2 mediates mammary tumor growth and lung metastasis by recruiting CD11b + Ly6G + granulocytic MDSC population to the tumor site (36) . Alveolar epithelial cells transformed by oncogenic K-ras are known to express high level of CXCL1 and CXCL2 (37) . Also, oncogenic K-ras-induced GM-CSF is capable of inducing proliferation and differentiation of c-kit + Lineage -precursors into functional MDSC (38, 39 
+ cells in tumor lung were capable of suppressing CD8 T-cell activity ex vivo, depletion of CD8 T cells did not lead to enhanced tumor growth in our study. Gr-1 + CD11b + cells may directly promote angiogenesis or promote regulatory T cells to enhance tumor in CC-LR mice (5, 40, 41) . Th17 cells can be readily found in a steady state in intestine but efficiently generated and recruited to tissues upon inflammation. Analysis of human lung cells from emphysema patients revealed infiltration of Th17 cells (42) . We and others have previously used an experimental model of smoke exposure and demonstrated IL-17-deficient mice are resistant to smoke-induced airway inflammation and emphysema (43, 44) . Tobacco smoke accounts for the most common causes of lung cancer. Therefore, these studies suggest the link between inflammation in lung caused by smoking, promotion of lung cancer, and involvement of IL-17 and Th17 cells. In our study, CC-LR mice were challenged with NTHi to induce COPD-like inflammation in the lung. Th17 cells were major adaptive immune cells generated in the lung during inflammation, and IL-17 played a pivotal role in promoting tumor in inflammation-accelerated lung cancer model.
Currently, we do not know how lung cancer microenvironment in K-ras mutant mice directs Th17 cell responses. K-ras activation in the bronchiolar epithelium has been associated with promotion of inflammatory response (28) . More recent data indicate K-ras activation in pancreas leads to perturbation of multiple metabolic pathways (45) . It is possible that inflammatory molecules or metabolites upon K-ras activation in lung epithelium influence the polarization and recruitment of Th17 cells in lung. Also, it is not known whether Th17 cells in CC-LR mice develop in antigen-specific pathway and recognize self or tumor antigen. In NTHi-challenged CC-LR mice, recall response indicates the generation of NTHi-specific T cells. In contrast, we did not detect IL-17 or IFNγ response to tumor lysates. In APC Δ468 mice, microbial translocation upon epithelial barrier loss directed the generation of Th17 cells, suggesting the possibility of microbiota-specific Th17 cells in colon cancer (19) . CC-LR mice represent the early stage of lung cancer; it would be interesting to define the antigens in this model, which could also differ from the antigens of established tumors.
In summary, we have shown that oncogene-driven and inflammation-promoted lung adenocarcinoma in mice is associated with increased Th17 cells in the tumor tissue. Our study also demonstrates, to our knowledge, for the first time that inflammation occurs in the lung can accelerate lung cancer through Th17 cells and IL-17 upon oncogenic activation. Because the lung is vulnerable to many airborne infections and environmental insults that lead to various degrees of inflammation, it is important to identify the cellular and molecular pathways of inflammatory diseases, such as COPD, that predispose individuals to lung cancer. Currently, no screening strategies exist that can identify patients with chronic lung inflammation with the potential to develop lung cancer. A large cohort study measuring the level of Th17 cells and IL-17 in patients with chronic lung inflammation and different stages of lung cancer with history of inflammatory diseases may provide causal link indicative of individuals with lung inflammation at higher risk of developing lung cancer. This link would further help setting the basis for future translational studies targeting Th17 cells or IL-17. Although inhibition of IL-17 using neutralizing antibody or Th17 cells development by targeting IL-23 have shown their promising results treating autoimmune diseases in clinical trials, the potential benefits and risks of inhibiting Th17 cells or IL-17 for cancer therapy have not been investigated. Our study establishes that targeting Th17 cells or IL-17 in the early stage of lung cancer and in COPD patients with Th17 cell response may be a promising strategy for controlling inflammation that promotes tumorigenesis. Data represent means ± SEM *P < 0.05, **P < 0.01, ***P < 0.001.
